Abstract: Phagocytosis is the process by which cells engulf some solid particles to form internal vesicles known as phagosomes. Phagocytosis is in fact a specific form of endocytosis involving the vesicular interiorization of particles. Phagocytosis is essentially a defensive reaction against infection and invasion of the body by foreign substances and, in the immune system, phagocytosis is a major mechanism used to remove pathogens and/or cell debris. For these reasons, phagocytosis in vertebrates has been recognized as a critical component of the innate and adaptive immune responses to pathogens. Furthermore, more recent studies have revealed that phagocytosis is also crucial for tissue homeostasis and remodeling. Professional phagocytes in teleosts are monocyte/macrophages, granulocytes and dendritic cells. Nevertheless, in recent years phagocytic properties have also been attributed to teleost lymphocytes and thrombocytes. The possible implications of such cells on this important biological process, new factors affecting phagocytosis, evasion of phagocytosis or new forms of phagocytosis will be considered and discussed.
Introduction
The immune system has developed success progressive complexity of basic functions that helped ancestral organisms to survive in their environment. The immune system responds to offensive using two crucial steps. In the first one, sensors detect the intruder. This intruder needs to interact with soluble OPEN ACCESS or membrane-bound molecules present on the host. Some effectors elaborate a response and attack the intruder in the second step. The last three decades of study greatly improved our knowledge of how the immune system initiated and developed the refined immune mechanisms actually present on invertebrates and vertebrates. Among these mechanisms, phagocytosis is always seen as crucial.
Phagocytosis is the process by which a cell engulfs diverse particulate targets. This apparent simple process is the prime importance for all living organisms. Furthermore, evolution has provided phagocytes with a copious repertoire of molecules which are involved in this complex event. Phagocytosis was popularized at the end of the nineteenth century by the Russian embryologist Metchnikoff, who observed that amoeboid-like cells in transparent sea start larva contained ingested cells. He hypothesized that these cells would be able to recognize and internalize foreign material. Metchnikoff proved this idea in a simple experiment in which he observed that these cells moved toward and engulfed a thorn that he had introduced into a sea start larva. Based on these findings, he concluded that these supposed phagocytes were capable of ingestion and might play a key role in host defense and tissue homeostasis [1] . Since then, many of Metchnikoff's ideas as to the origins of inflammation have been validated. What he could not have predicted is the huge heterogeneity and complexity of the biology of phagocytosis [2] .
The present review focuses on the phagocytosis in fish although some comparisons with the most recent studies in other animal groups will be also considered. As usual, every time that new techniques have been used to study the phagocytosis, our idea about the process has been completed and even the ability to phagocytose for new cell types has been demonstrated. The earlier phagocytic assays in fish were carried out in vivo and afterwards, they were performed in vitro by using cell cultures or cell suspensions. To do the in vitro assays it was necessary firstly to isolate and characterize fish leucocytes. This step was difficult because most of the available studies focus on fish immune system concentrate mainly on lymphocytes [3] . In vitro assays make possible to know the significance and the influence of some conditions on the phagocytosis mechanisms (e.g., virulence of the bacteria, opsonization and leucocyte source) [4] . However, the use of cells from different organs and fish species, different target particles and phagocytosis protocols, difficulty the comparison of the obtained results. Furthermore, phagocytosis in fish had typically been studied using the population of glass and/or plastic adherent leucocytes derived mainly from the head kidney (the main hematopoietic organ), and to a lesser degree, from other lymphoid tissues or organs. In these assays, cells remained in suspension (as majority of granulocytes and B-cells, and dendritic cells) were excluded.
At the end of the nineties, flow cytometry started to be used to study fish phagocytosis process and new quantitative data about the phagocytic cell populations were obtained. Flow cytometry allows using of small samples, analyses a great cell numbers in a very short time and provides quantitative results. Furthermore, it permits a clear distinction between adhered and ingested particles (because some vital colorants have the property of quenching the fluorescence of the target particles remained outside the cells after the process of phagocytosis, while those particles inside the cells remain fluorescent because the colorants cannot penetrate the plasmatic membrane of living cells) and allows discrete cell evaluation [4] . In recent times, another great advance into the study of phagocytosis was due to the use of specific cell markers for different cell populations such as fish granulocytes or B cells [5] [6] [7] . Due to the reasons stated above, the ability of some cells to phagocytose in fish had remained unnoticed till recently.
Expert or professional phagocytes in fish are monocytes/macrophages and granulocytes. Nevertheless, in recent years phagocytic properties have also been attributed to teleost dendritic cells, lymphocytes and thrombocytes. The aim of the present review is to consider the implications of such "new" phagocytic cells avoiding the enumeration or the implications of the huge number of receptors and molecules involved in phagocytosis. Research in this area is expanding gradually and this review is intended to be just an introduction to the extensive literature available at present on this subject. Furthermore, some novel aspects of this old process will be discussed.
The Phagocytic Process
Phagocytosis is the most ancient and universal tool of defense against foreign material because unicellular eukaryotes phagocytose for food and defense. Amoebae already show mechanisms that allow recognition, internalization and destruction of foreign material [8] . In fact, amoebae and macrophages share similar phagocytic mechanisms such as recognition of the particle by cell surface receptors [9] and killing by oxygen radicals [10] . Apparently, the phagocytic machineries characterizing the amoeboid protozoans were inherited during the evolution towards innate immunity [11] . Although many mechanisms of immunity are common for invertebrates and vertebrates (phagocytosis, cytotoxicity, lectins, proteinases), others are only used in invertebrates (hemolymph clotting system, melanization) although the general plan on which they operate is realized in vertebrates as well [8] .
Phagocytosis and macropinocytosis are fundamental processes of vertebrates that enable cells to test their environment, to remove pathogens and apoptotic bodies and, concomitantly, to offer immunoprotection. In fact, phagocytosis is the front-line mechanism by which the immune system eliminates most pathogenic microorganisms. Besides this, phagocytosis is an essential part of tissue homeostasis and remodeling and regulates the expression of different membrane components [12, 13] . In vertebrates, phagocytosis appears to have developed from having a crucial role in innate immunity to sharing important functions in adaptive immunity [14, 15] . Initially phagocytosis was defined as the process by which a cell internalized particles bigger than 0.5 micrometers. At present, the term phagocytosis is used to describe the process by which cells engulf particles such as bacteria, other microorganisms, aged red blood cells, foreign matter, etc.
The process of phagocytosis has been deeply studied in mammals and some aspects of this process have also been studied in fish, mainly in teleost and in those species of interest in aquaculture. The phagocytic process consists on a series of connected steps which include: (1) detection and recognition of the foreign particle; (2) attachment of the foreign particle to the phagocyte; (3) engulfment or internalization of the foreign particle into a vesicle called phagosome; (4) fusion of phagosome with a lysosome and formation of phagolysosome (degranulation of the phagocyte and maturation of compartment through endosomal fusion); (5) intracellular killing and digestion of the particle; (6) in the case of some phagocytes (e.g., macrophages and dendritic cells) egestion and antigen presentation.
The ultrastructure of the phagocytic process was studied for fish leucocytes by using bacteria cells as target particles and it was demonstrated that this process is variable as regards the number of bacteria engulfed per phagocyte and the time required for engulfment and digestion of each bacterium by the same phagocyte. This variability seems to provide greater host defence capacity [3, 16] . The process of phagocytosis is known to be prompted by the interaction of surface molecules from the phagocytic target with receptors present on the phagocytic cells [14] . The surface of the phagocytes has many receptors that are able to recognize and decode their cognate ligands expressed on the surface of the phagocytic target and trigger engulfment. These receptors can directly recognize the particle or recognize targets which are coated with opsonic molecules. Initially these ligands were referred to as pathogen-associated molecular patterns (PAMPs). Actually, there is a necessity of including in these patterns the recognition commensal bacteria and apoptotic and necrotic cells. For this reason, a more inclusive term of "molecular pattern" (MP) was proposed [15] . Various kinds of pattern recognition receptors are involved in the identification of foreign factors in vertebrates and invertebrates [17] . Among such receptors of different evolutionary origins are scavenger receptors and Toll-like receptors. Also cytokine-like receptors and lectins may have originated in invertebrates independently from their vertebrate counterparts and may be unique to a particular taxonomic group.
Lysosomes fuse with phagosomes and form phagolysosomes. These are the vesicles where internalized microbes will be killed and degraded by a variety of lysosomal hydrolytic enzymes. Formation of phagosomes and phagolysosomes were described in fish phagocytes [3, 7] . Moreover, phagocytosis is known to elicit several antimicrobial mechanisms. Arguably, the most important and well-known of these mechanisms involve the production of reactive oxygen (i.e., superoxide radicals) and nitrogen (i.e., nitric oxide) intermediates, which are known to kill ingested microbes contained in the phagolysosomes [18] .
The molecular and cellular events that cause the binding of targets to a phagocyte and their engulfment into phagosomes have been extensively studied. More recent data suggest that the process of phagocytosis itself provides important information to myeloid phagocytes about the nature of the targets they are engulfing. Afterwards, this fact helps to tailor the appropriate inflammatory responses. How such information is acquired during phagocytosis and how it is processed to coordinate an immune response was recently reviewed in mammals [19] . However, the molecular mechanisms whereby different molecules translate the environmental cues into the complex and sophisticated responses that trigger the phagocytic process (e.g., phosphoinositide signaling) have to be established in fish [20] .
Phagocytic Cells
While unicellular organisms use phagocytosis to obtain food, more complex metazoans have "professional" phagocytes (term used to described cells having high phagocytic ability and capacity) which act as an essential element of their immune system. In mammals and other vertebrates, including fish, professional phagocytes include polymorphonuclear cells (PMNs), monocytes and macrophages and dendritic cells (DCs) [18, 21] . According to this terminology, non-professional phagocytes have more limited phagocytic properties than professional cells. Furthermore, non-professional phagocytes apparently lack the ability of producing microbicide oxygen and nitrogen products upon phagocytosis, and to secrete the cytokines characteristics of professional cells. Other cell types in mammals (i.e., epithelial cells, fibroblasts) have also been shown to be capable of engulfing particles, albeit with a much restricted capacity [21, 22] .
Macrophages and Granulocytes
Mammalian professional phagocytes derive from a common myeloid progenitor cell. Among these professional phagocytes, resident tissue macrophage populations are the first cells that encounter non-self-material, especially bacteria, and engulf and degrade them by using hydrolytic enzymes and oxidative attack. A variety of receptors on macrophages are used to detect infection [23] . Most of the studies done with fish phagocytes had shown that, like in mammals, monocytes, macrophages and neutrophils are the main phagocytic cells [18] . In fact, phagocytosis was considered the principal function to characterize or even identify macrophages in teleosts [24] and macrophages were described as the most active and avid phagocytes in fish [25, 26] . These professional fish phagocytes differentially regulate pro-inflammatory and homeostatic responses in vivo [27] . Two other works focus on the fish macrophage and granulocyte functions and for this reason only a brief report focus on aspects considered of interest for this review will be presented.
During infection, macrophage lineage cells eliminate infiltrating pathogens through a battery of antimicrobial responses, where the efficacy of these innate immune responses is fundamental to immunological consequences. Due to the importance of these processes, many intracellular pathogens have evolved mechanisms to overcome macrophage defenses, using these immune cells as residences and dissemination strategies. Recent advances in the understanding of teleost macrophage antimicrobial responses and the strategies by which intracellular fish pathogens are able to avoid being killed by phagocytes have been reviewed [28] . It is known that pathogenic infections cause important detriments to both cultured and wild fish populations. It is of great interest to harvest greater understanding of fish phagocyte antimicrobial responses and the mechanisms by which aquatic pathogens are able to overcome these teleost macrophage barriers. Insights into the regulation of macrophage immunity of teleost species will lend to the development of more effective prophylaxis, at least, in farmed fish, as well as increase our knowledge of the evolution of these immune processes.
Regarding granulocytes, three types of them have been identified in fish. It is known that mammalian neutrophils have a crucial role in the host tissue protection by killing and degradation of microorganisms and they are involved in inflammatory response. However, morphological heterogeneity of fish granulocytes, the lack of cell-specific surface markers and confusion of terms used to appoint the different types of granulocytes, makes difficult to establish which granulocyte types (neutrophils and/or eosinophils) are important phagocytes in fish [5, 25, [29] [30] [31] . It has long been known that neutrophils employ the two strategies previously described for macrophages to trap and kill invading pathogens: engulfment of microbes (phagocytosis) and secretion of antimicrobials (generation of reactive oxygen and nitrogen species). In 2004, a novel third function was identified. This new function was called neutrophil extracellular traps (NETs) [32] . NETs are networks of extracellular fibers (primarily composed of DNA from the cells) which bind pathogens. It is supposed that by the formation of NETs neutrophils are able of killing extracellular pathogens while minimizing damage to the host cells. NETs have also been shown to form within blood vessels during sepsis in mammals and intra-vascular NET formation is tightly controlled and is regulated by platelets [33] . Although the formation of NETs by fish granulocytes has started been studied [34] the implication of thrombocytes in the process has not been considered.
Dendritic Cells
Dendritic cells (DCs) are specialized antigen presenting cells that bridge innate and adaptive immunity in mammals. This link between the early innate immune system and the more evolutionarily recent adaptive immune system is of particular interest in fish, the oldest vertebrates to have both branches of the immunity. First studies on DCs on fish focus on provide some evidences that fish possessed cells homologous to mammalian DCs. For example, according to their morphological characteristics and non-adherent properties, DCs were identified in a long-term trout splenic culture [35] . Similarly, in spleen of nurse shark it was described a network present in the T cell rich areas forming by major histocompatibility complex (MHC) class II-positive cells [36] . The identification of Birbeck-like granules in cells of the gill epithelium and lymphoid tissue of salmonids was also attributed to the presence of DCs in such organs [37] . In Atlantic salmon it was obtained a cell line from cells having morphological characteristics of dendritic cell-like and with phagocytic properties [38] . More recently, some spleen and head kidney cells of rainbow trout stained with a CD207/langerin (expressed on specialized skin mammalian DCs called Langerhans cells) specific antibody [39] . The characterization of DCs in trout has been made by functional approaches. In fact, mammalian protocols for the generation of DCs were adapted to obtain cultures of highly mobile, non-adherent cells from trout hematopoietic tissue that had irregular membrane processes and expressed surface MHCII. The main function of MHC class II molecules is to present processed antigens, which are derived primarily from exogenous sources, to CD4(+) T-lymphocytes. Trout DCs have tree-like morphology, express dendritic cell markers, are able of phagocytose small particles, activate by toll-like receptor-ligands, and migrate in vivo. All these properties are hallmarks of mammalian DCs [40] . Furthermore, the identification of DCs in fish suggests that specialized antigen presenting cells evolved in concert with the emergence of adaptive immunity in lower vertebrates.
B Cells
Developmental and functional relationships between B cells and macrophages have long been recognized and several studies probed that mammalian malignant B cell lines can switch into macrophage-like cells, having the capacity to phagocytose large particles [41] . This switch from a lymphoid to a myeloid lineage gave rise to the term of "lineage switching" or "lineage infidelity". Subsets of B lymphocytes and macrophages shared a closer lineage relationship than what the models of hematopoietic differentiation at the time predicted [42] . Thus, it would appear that professional phagocytosis was not restricted to cells of myeloid origin, as it can also be carried out by cells of lymphoid origin.
Until 2006, it was thought that primary B cells were unable to execute phagocytosis. Curiously, a study focus on fish B cells revealed, for the first time in vertebrates, the existence of B cell subsets with phagocytic and intracellular bactericidal capacities [7] . Afterwards, the phagocytic activity of B cells was also corroborated in amphibians, reptiles and more recently, in mammals. There are some evidences that this important innate capacity seems to be evolutionarily conserved in certain B cell subsets of vertebrates. Furthermore, Li and coworkers [7] demonstrated that phagocytosis by IgM+B cells was significantly improved by opsonization of bacteria with IgM or complement. These results seem to indicate that both Fc and complement receptors are present on fish phagocytic B cells. This study also quantify the contribution of this cell type into the phagocytic process because IgM+B cells represent the 62% and 20% of all the phagocytes present in rainbow trout blood and head-kidney, respectively.
In addition to rainbow trout, phagocytic IgM+B cells have also been demonstrated in other teleost fish species including catfish, cod and Atlantic salmon, which could suggest a differential contribution of phagocytes to the antimicrobial responses of these fish species. Catfish have also large amounts of phagocytic IgM+B cells in blood, while Atlantic salmon and cod contained significant numbers of phagocytic IgM+B cells in head kidney and blood [43] . Phagocytic IgM+B cells in salmon represented the vast majority of blood phagocytes whereas in cod they represented only 8% of these cells. Moreover, the phagocytic capacity of cod IgM+B cells was higher than that of salmon since over 70%-80% of the cod cells ingested three or more target beads in contrast to salmon in which that number was below 50% [43] . Thus it seems apparent that this phagocytic capacity is a general feature of all B cell lineages in teleost fish, although these results need to be confirmed in new studies carried out on other fish species. The evolutionary and functional relationships of fish and mammalian B cells, focusing mainly on the newly discovered roles of these cells in phagocytosis, intracellular killing and presentation of particulate antigen have been reviewed [44, 45] .
Similarly, B-lymphocytes of amphibians and reptiles have been described as phagocytic cells [7, 46] . This fact has suggested a common ancestral function of such cells in innate immunity. Furthermore, in mammals, phagocytosis by non-myeloid leukocytes such as B-1 cells and gamma/delta-T-cells has also been reported [22] . This fact renovates our understanding on the phagocytic cell populations and its significance in both innate and adaptive immunity.
Teleost fish B cells produce three different immunoglobulin (Ig) isotypes: IgM, IgD and IgT (the most recently identified). Whereas teleost IgM is mainly involved in systemic immunity, IgT appears to be an immunoglobulin specialized in mucosal immunity. Similarly, three major B cell lineages have been described in teleost, the most common lineage which co-expresses IgD and IgM and another one expressing either IgT or IgD [44] . Much remains to be investigated concerning the evolutionary origins and functional relationships of these fish B cell subsets and their implication on phagocytosis.
Particular interest could have to understand the rules related with the phagocytic properties of B cells on the gut. At present, it is known the importance of the relationships existing between intestinal microbiota and health existence. This situation requires the existence of physical separation between the microbiota and the host (e.g., mucus layer, secreted antimicrobials, the intestinal epithelium) and a very active control carry out by the immune system, in order to regulate the low number of microbes that could conquer the physical and chemical barrier present in the gut of vertebrates, even in healthy individuals. Recently, it has been reviewed how B-cell responses to members of the intestinal microbiota form a robust network with mucus, epithelial integrity, follicular helper T cells, innate immunity, and gut-associated lymphoid tissues to maintain host-microbiota mutualism in mammals [47] . To the best of our knowledge, these complex interactions established by B cells present in gut with the other elements play important roles in local immunity have not been studied in fish.
Thrombocytes
Thrombocytes are nucleated hemostatic blood cells of non-mammalian vertebrates. They are regarded as the functional equivalent of mammalian platelets (which are small anucleated cell fragments released from megakaryocytes) [48] . Although the function of platelets in the maintenance of hemostasis has been studied in great detail, more recent evidence has highlighted a central role for platelets in the host inflammatory and immune responses. Hemostasis contributes to fight microbial infection through blood vessel repair; in this process, platelets and thrombocytes play a triggering role in blood coagulation [49] . In addition to the known homeostatic functions, the possible roles of thrombocytes in immunity (including phagocytosis), have also been raised in different groups of animals, including fish [50] [51] [52] .
Initial morphological studies demonstrated that bacteria act as a very potent aggregating agent for platelets and also promoting in these cells the secretion of different substances [53] . For many years, controversy exists as to whether thrombocytes could act as truly phagocytic cells in the inflammatory response. Furthermore, the data regarding their phagocytic ability were contradictory. The ontogeny of thrombocytes and platelets, the soluble factors derived from them involved in the inflammatory process, and their interaction with target particles were reviewed establishing a comparison between them [54] . Again, the study of the phagocytic properties of fish thrombocytes and their impact on pathogen clearance, have been controversial due to the difficulties of demonstrating definitive evidences with the available techniques [6, 54] . Morphological observations of thrombocytes showed presumed phagocytosis of microorganisms. It was very easy to see (especially by transmission electron microscopy) the apparent internalization of target particles into thrombocytes [50, 51] . However, these cells possess an extensive canalicular system open to the extracellular surface, which is a network of interconnected channels of the cell membrane to increase their cell surfaces and the release of various intracellular components [52, 53] . This canalicular system can trap particles in a passive manner [54] [55] [56] [57] although the particles will remain outside the cells; in other words, false images of phagocytosis could be observed by electron microscopy. Furthermore, enzymatic test presented inconsistent results in teleost thrombocytes [58] . Last year, it was demonstrated the potent active phagocytic activity of thrombocytes by using teleost (Paralichthys olivaceus) and amphibian (Xenopus laevis) models [59] . Furthermore, ex vivo, common carp thrombocytes were able to ingest live bacteria as well as latex beads (0.5-3 mm in diameter) in a manner dependent on actin polimerization and they were able of killing the ingested bacteria. Phagocytosis by thrombocytes was also enhanced by serum opsonization. Particle internalization led to phagolysosome fusion and killing of internalized bacteria, pointing to a strong capacity for microbe removal. Furthermore, they provide a deeper understanding of the potential immune function of mammalian platelets based on the conserved and vestigial functions [59] . These results regarding the characteristics of the phagocytosis process developed by fish thrombocyte are fairly comparable with those of classical phagocytes and remarking its functional significance in the innate immune defense of lower vertebrates. It has to be taken into account that, although these cells are able to interiorize a low number of particles, they are the second most abundant blood cells after the erythrocytes in fish [60] . Furthermore, phagocytic activity of head kidney thrombocytes has also been observed which is important because they could help to trigger the adaptive immune response. However, the relative contribution of the phagocytic thrombocytes to the total phagocytic capacity among the leucocyte pool warrants further consideration. It is necessary to study if fish thrombocytes are able to work as immune cells by initiating and modulating inflammatory and immune responses, or if they interact with endothelial cells and leucocytes directly by cell to cell contact and/or indirectly via secretion of soluble mediators as do platelets [61] . Furthermore, platelets store a multitude of immune-associated molecules in their granules and, upon activation (in response to various factors such as thrombin, chemokines or microbial toxins) they express adhesive and immune receptors (e.g., P-selectin, CD40 ligand, and Toll-like receptors) on their surface, and release soluble mediators such as chemokines, cytokines, and antimicrobial peptides [62] . New studies are needed to understand the implication of fish thrombocytes in the innate and acquired immunity or to know if fish thrombocytes also participate in the host immune response by directly killing infected cells, as do platelets in mammals [61] . The application of new techniques (e.g., intravital imaging) will allow to visualize the cellular behavior in vivo or to see the diverse cell types involved in vascular anti-bacterial immunity in fish.
Factors Affecting Phagocytosis
The susceptibility of fish to disease is partly dependent on their environment, in particular on water temperature. The influence of different environmental factors on phagocytosis was studied some years ago. Influence of temperature on fish phagocytosis was described and total immune competence in teleosts at low environmental temperatures was discussed [63] . Nevertheless, comparison between different works studying phagocytosis by fish cells is difficult due to the wide variability on methodological methods applied. It has also been taken into account that results about phagocytosis are very variable because numerous factors can affect this process, as it was previously mentioned. Among them, animal fish species, source of the cells, different methodologies applied, the choice of the target particle or the cell-to particle ratio. Actually, new factors, such as hypoxia, circadian rhythms or ageing, affecting phagocytosis in fish start to be considered. Hypoxia is an important factor for adaptation to cellular stress and the transcriptional regulation of cell metabolism. It modulates the function of phagocytic cells by stimulating surface receptors such as scavenger receptors, toll like receptors and their downstream signaling cascades [64] . In response to hypoxia, innate immune modifiers are up-regulated through pathways involving the key immune response master regulator nuclear factor-κB leading to the modulation of inflammatory cytokines.
Regarding circadian rhythms, they are endogenous 24-h variations found in virtually all physiological processes. These circadian rhythms are generated by circadian clocks. Most immune cells express circadian clock genes and present a wide array of genes expressed with a circadian rhythm. This has deep consequences on cellular functions, including daily circadian rhythms of cellular functions, such as phagocytosis. The possible implications of these data for human health start to be obtained [65] . Similarly, age-related impairments in leucocyte function are likely to have important consequences for the health of the older population. It has been reported that ageing in macrophages impacts on many processes including phagocytosis [66, 67] . In fish, most studies on immune system focus on their initial steps of growth in order to establish proper development pattern of the immune activities. However, those studies have still not been carried out on mature or brood fish. Furthermore, initial studies on fish phagocytes focus on the influence of several intrinsic or extrinsic factors on the process but, as it was previously mentioned, those assays were carried out mainly on macrophages. For this reasons, new studies focus on the effect of different variables on other phagocytic cell types are still needed.
Evasion of Phagocytosis
Professional phagocytes mediate processes ranging from phagocytosis to tissue homeostasis. This is possible because they effectively engulf and eliminate invading microorganisms. To survive this assault, pathogens have developed an array of countermeasures aimed at avoiding detection (strategies to avoid recognition and uptake by host cell or altered host signaling to promote invasion, manipulation of host cell cytoskeleton.) impairing signaling, or paralyzing the machinery that underlies phagocytosis.
Some facultative and obligate intracellular bacteria have evolved ways to evade or even exploit autophagy [68] . Furthermore, certain pathogens benefit from attaching to, entering, or traversing host cells to establish and spread infection [69] . Other intracellular bacterial pathogens drive the formation of host "pseudo-organelles" that facilitate their replication, survival, or latency. The formation and maintenance of these bacteria-containing vacuoles are dependent on the bacteria's ability to commandeer the host's intracellular membrane system (mainly dynamic compartments involved in exo-/endocytic membrane traffic). Additionally, bacterial survival or proliferation inside the vesicles could be augmented by host membrane transport processes subverted by secreted bacterial factors, which facilitate the acquisition of membrane sources and nutrients [68] . For example, Leishmania has evolved ingenious ways to adapt to life in the macrophage. New proteins have recently been found to disrupt processes ranging from antigen cross-presentation to nuclear pore dynamics. Furthermore, Leishmania sabotages key metabolic and signaling pathways and induces DNA methylation to turn off genes controlling microbicidal pathways. These novel findings highlight the creative attack employed by Leishmania to subvert macrophage function [70] . Diverse strategies used by different pathogenic bacteria to prevent the bacteria-containing vacuoles from being destroyed via the endolysosomal pathway have been studied in mammals; although there are some similar studies in fish [28] there are still many questions to be resolved in this interesting area.
Some New Aspects of Phagocytosis Still Not Considered in Fish
It seems reasonable to think that regarding new aspects to be considered regarding fish phagocytes, many new molecules involved will be described. As an example, recently connexin 43 and pannexin 1 have been found in mammalian immune cells. Furthermore, while gap junctional communication has been demonstrated between immune cells, hemichannels have been implicated in many cellular functions. Among the functions involved as being connexin dependent and pannexin dependent are cell migration, phagocytosis, antigen presentation, T-cell reactivity and B-cell responses [71] .
Besides the study of new molecules involved in phagocytosis, many other aspects should be also considered because constantly, new particles to be interiorized, new physiological sceneries and new evasion mechanisms of phagocytosis by pathogens are described. Only some of them will be underline in the present review.
The rapid increase in the use of nanotechnology products is enlarging the presence of nanoparticles (NPs) (metal, metal-oxide and carbon-based) in the aquatic environment. Although most NP types do not exhibit or have very low direct toxicity, could display masked sub-lethal immunotoxic effects. Effects of the NPs on innate immune system, such as effects on phagocytes, might be suitable for screening for immunotoxicity because these cells mediate both innate and adaptive immune responses. Recently, the effects of NPs used in consumer and medical applications (gold, silver, titanium dioxide, silica dioxide, zinc oxide, and carbon nanotubes) and polystyrene NPs on the immune system have been reviewed [72, 73] . Effects in animal exposures through different routes are compared to the effects on isolated phagocytes. In general, NPs appear to induce a specific immunotoxic pattern consisting of the induction of inflammation in normal animals and aggravation of pathologies in disease models. It is expected that the evaluation of particle action on several phagocyte functions in vitro may provide an indication on the potency of the particles to induce immunotoxicity in vivo and to know the health risks of NPs.
Animal bodies has a high number of cell turnover (e.g., human bodies collectively turn over about 200 to 300 billion cells every day) as a fundamental part of development (embryonic and postnatal), as well as habitual tissue homeostasis. This process involves the induction of programmed cell death in specific cells and the recognition and removal of dying cells by phagocytes [74] . The phagocytic cells involved in such processes in fish have not been still studied. Similarly, the broad immunologic roles of autophagy (literally "self-eating") could be explored. For example, one of the best-appreciated manifestations of autophagy is protection against microbial invasion, but this is by no means limited to direct elimination of intracellular pathogens and includes a stratified array of nearly all principal immunologic processes [75] . In addition to its vital homeostatic role, autophagy has been implicated in many different cellular processes such as cell apoptosis, inflammation, pathogen clearance, and antigen presentation and thereby has been linked to a variety of human disorders [76] . The intimately linked molecular mechanisms that help govern the autophagic pathway and macrophage innate immune responses in mammals have been revised [77] .
New forms of phagocytosis studied at present only in mammals, will be studied in fish. Some examples are described in the next paragraphs. Phagoptosis (known also as primary phagocytosis) is the term chosen to describe a form of cell death caused by phagocytosis of viable cells, resulting in their destruction. It is provoked by exposure of "eat-me" signals and/or loss of "don't-eat-me" signals by viable cells, causing their phagocytosis by phagocytes. Phagoptosis mediates turnover of cells (being one of the main forms of cell death in the body), defends against pathogens and regulates inflammation and immunity. Furthermore, it is not yet established if phagoptosis contributes or not to pathology [78] . Entamoeba histolytica was named "histolytica" for its ability to destroy host tissues. This amoeba, after attaching to host cells, bites off and ingests distinct host cell fragments, and that this contributes to cell killing. This process, termed "amoebic trogocytosis" (trogo-, "nibble"), interplays with phagocytosis, or whole cell ingestion, in this organism. "Nibbling" processes have also been described not only in other microbes but also in multicellular organisms [79] . Inflammatory caspases play a central role in innate immunity by responding to cytosolic signals and initiating a twofold response that trigger a form of lytic, programmed cell death called pyroptosis. Pyroptosis removes the replication niche of intracellular pathogens, making them susceptible to phagocytosis and killing by a secondary phagocyte [80] .
Macrophages working along with neutrophils and dendritic cells are one of the key effector cells initiating and directing the host reaction to pathogenic organisms and resolving subsequent responses. Extracellular traps (ETs) are a relatively novel strategy of host defense involving expulsion of nuclear material and embedded proteins from immune cells to immobilize and kill bacteria, fungi, and viruses [81] .
Conclusions
For many decades the phenomenon of phagocytosis has been of prime interest to medical scientists and immunologists as an important factor in the defense of the host in infectious diseases. Furthermore, phagocytosis has also held the interest of biologists in general as a manifestation of cellular activity. Though we know many aspects of this fascinating process, whenever we head into one of them it opens up a whole range of unknown possibilities that are worth exploring. It seems that we know only just the beginning of a very complex reality that simply called phagocytosis.
